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Abstract 


In this current research work, the sol-gel method was employed to synthesise, characterize and evaluate the photocatalytic activity 
of bismuth ferrite (BiFeO3, BFO) doped with two distinctive components consisting of a rare earth element Gadolinium (Gd) and a 
transition metal Copper (Cu). The dopant concentrations were systematically varied with different weight percentages (wt.%) 
denoted as Bil-xGdxFel-yCuyO3 (where ‘x’ = 0.10, 0.15 and 0.20 wt.%, where “y’ = 0.05, 0.10, and 0.15 wt.%). Subsequently, 
characterizations of the prepared samples were conducted using an array of cutting-edge analytical techniques including X-ray 
diffraction (XRD), filed emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis (EDAX), and 
transmission electron microscopy (TEM). The XRD analysis results indicated that the presence of small impurity peaks was found 
in both Gd-doped BFO and GdCu-doped BFO. The FE-SEM and TEM results provided confirmation that the material was observed 
as a spherical shape, and the elemental compositions were also confirmed through EDAX analysis. The photocatalytic degradation 
of Rhodamine B dye under the influence of visible light irradiation was carried out and the results revealed varying degradation 
times, specifically, for Gd and Cu-doped BFO (Gd and Cu = 0.1 wt.%) achieved almost 98% degradation occurred in 30 minutes. 
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1. INTRODUCTION around us. Therefore, removing these colors from 
water is essential. To control this issue, several 
Due to extensive industrialization, urbanization, techniques are there including ion exchange 
and rising populations, the provision of clean water removal [6], catalytic reduction [7], ozonation [8], 
has become a global concern. The primary source _ biological/aerobic treatment [9], adsorption [10], 
of water pollution is the improper management of membrane filtration [11], and photocatalytic 
industrial wastewater disposal in freshwater streams degradation [12][13]. Research in the field of 
[1][2]. For industrial use, many organic dyes are photocatalysis has increased significantly over the 
created and then discarded as colorful effluents. Qu last several years. Due to its capacity to remove 
et al. [3] reported many industries released waste toxins from water pollutants by employing nano- 
containing dye solutions, which resulted in water sized metal oxides as catalysts, photocatalysis has 
pollution. A significant source of colored effluents recently attracted a lot of interest as a viable 
is the textile industry, and each year almost 200 environmental remediation approach [14]-[16]. 
billion liters of waste are released into the For several applications, different metal oxide 
environment [4]. Dyes are a problem since the nanoparticles have been employed including the 
families of chemical compounds are also harmful to photodegradation of dye solutions and purification 
living organisms and are regarded as dangerous’ of contaminated water [17]-[22]. Bismuth ferrite 
contaminants [5]. Even at very low concentrations, (BFO) is regarded as an interesting photocatalyst 
these dangerous color molecules poison the waters _for the degradation of a wide range of contaminants 
in various chemical processes, due to its high 
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gap value [23]-[27]. The photocatalytic application 

of pure BFO is not satisfying because of its 
BY favorable conditions for excited electron and hole 
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Figure 1. (a) Full XRD pattern (10-80°) and (b) magnified peaks (22—34°) of pure BFO, BGF-0.1, BGF- 
0.15, and BGF-0.2. 


mol%, which showed the highest photocatalytic 
activity for degrading methyl orange aqueous 
solution under visible light irradiation after 120 min 
[28]. Jie et al. reported that the 0.2 Cu presented in 
BFO yielded prominent catalytic performance for 
phenol degradation in 120 min [29]. A maximum 
degradation efficiency was also obtained for the 
gadolinium (Gd)-doped BFO with 5% Gd after 60 
min for Rhodamine B (RhB) [30]. The low 
concentration of Gd doping below 0.1 could 
significantly increase the photocatalytic activity 
highest degradation observed in 120 min [27]. 

In this present work, we have synthesized pure 
and two different metal ions (Cu and Gd) doped 
BFO using the sol-gel method. The enhanced 
photocatalytic properties of BFO and GdCu-doped 
BFO for the RhB dye degradation under visible 
light were observed and discussed. To the best of 
our knowledge, there were few reports in the 
literature on both rare earth and transition metal 
ions doped BFO and comparisons of their various 
properties. 
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2. MATERIALS AND METHODS 


2.1. Materials and Chemicals 

Tron(II) nitrate nonahydrate (Fe(NO3)-9H20), 
nitric acid (HNO;), — bismuth(III) _ nitrate 
pentahydrate (Bi(NO3)3°6H,O), tartaric acid 
(C4H4O¢), gadolinium(II]) nitrate hexahydrate (Gd 
(NO3)°6H2O), copper(II) nitrate trihydrate (Cu 
(NO3):3H2O) were in analytical-grade chemicals 
from Sigma Aldrich and used throughout the 
experiment. 


2.2. Synthesis Procedure 

The pure BFO, Gd-, and Cu-doped BFO samples 
with different (wt.%) synthesized by sol-gel 
method. For comparison study primarily the pure 
BFO is prepared in the following procedure. 


2.2.1. Synthesis of Pure BFO 

First step, 1.91 g of Fe(NO;)-9H,O was 
in 50 mL of distilled water with 
continuous stirring. Then 10 mL of HNO; was 


dissolved 
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added dropwise to the above solution for the 
adjustment of pH to 1. In the next step, 2.42 g of Bi 
(NO3)3'6H2O and 25 mL of C4HsO¢ were added. 
After some time, a light yellowish transparent 
solution formed. The gel was created by heating the 
resulting solution to 90 °C for 60 min and the 
temperature was then raised to 180 °C (or more) to 
trigger solvent evaporation and the creation of 
powder. The obtained brown powder was crushed 
with a mortar and pestle and annealed for 3 h at 600 
°C. The prepared pure BiFeQ; is labeled as BFO. 


2.2.2. Synthesis of Gd-doped BFO 

In the second step, Gd doped BFO with different 
(wt.%), 1.e., Bij..Gd,FeO3 (where x = 0.10, 0.15 and 
0.20 wt.%) prepared in the following procedure. As 
much as 1.91 g of Fe(NO3)-9H,O was dissolved at 
first in 50 mL of distilled water while being 
continuously stirred. To get a pH value of 1, 10 mL 
of HNO; was added to the above solution. In the 
next step, 2.17 g of Bi(NO3)3-6H2O and 0.225 g 
(0.1 wt.%) of Gd(NO3)-6H,O were added to the 
resultant solution. Then, a dropwise addition of 25 


mL of C4H,O¢ was added until a clear solution had 
formed. The solution was heated to 90 °C for 1 h to 
form the gel. To promote solvent evaporation and 
powder production, the temperature was raised to 
180 °C (or more). The obtained powder was then 
crushed and annealed at 600 °C for 3 h. The 
prepared Gd doped BFO, i.e., Bi;.,Gd,FeO3 (where 
x = 0.10; Bip.9Gdo,,FeO3) labeled as BGF-0.1. In a 
similar method, other two Gd-doped BFO samples 
were also prepared (x = 0.15 wt.%; Bio.ssGdo,;sFeO3 
and 0.20 wt.%; Bio,sGdo2sFeO3). Prepared samples 
labeled as BGF-0.15 and BGF-0.2. 


2.2.3. Synthesis of GdCu-doped BFO 

In the third step, Gd (0.1 wt.%) kept as constant 
and Cu-doped with different (wt.%) ie., 
Bio 9Gdo,;Fe;.yCuyO3 (where y= 0.05, 0.10, and 0.15 
wt.%) and applied same above synthesis procedure. 
The prepared GdCu-doped BFO, ie, 
Bip 9Gdo }Feo.9sCuo.9s03, Bip.9Gdo,; Feo 9Cup 103, and 
Bio.9Gdo 1Feo.ssCuo,1s03 are labelled as BGFC-0.05, 
BGFC-0.1, and BGCF-0.15, respectively. 
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Figure 2. (a) Full XRD pattern (10—80°) and (b) magnified peaks (22—34°) of pure BFO, BGF-0.1, BGFC- 
0.05, BGFC-0.1, and BGFC-0.15. 
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Figure 3. FE-SEM and EDAX results of (a-h) pure BFO, BGF-0.1, BGF-0.15, BGF-0.2, (i-n) BGFC-0.05, 
BGFC-0.1, and BGFC-0.15. 


2.3 Characterization Techniques 

The synthesized samples were characterized 
including X-ray diffraction (XRD, XRD-Model. 
No: Bruker D8 advance) to determine the crystal 
structure and phase composition, filed emission 
scanning electron microscopy (FE-SEM, Model No. 
JEOL 7600) to visualize the surface morphology, 
energy dispersive X-ray analysis (EDAX) to 
ascertain the composition, and 
transmission electron microscopy (TEM, Model 
No. JEOLJEM-200X) to probe the microstructure at 
the nanoscale. 


elemental 


3. RESULTS AND DISCUSSIONS 


3.1. Structural Analysis 
The XRD pattern of synthesized pure BFO and 
Gd-doped BFO (BGF-0.1, BGF-0.15, and BGF-0.2) 
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samples is shown in Figure 1. The diffraction 
patterns of the Gd-doped BFO samples (BGF-0.1, 
BGF-0.15, and BGF-0.2) are similar to the pure 
BFO pattern along with the presence of additional 
minor peaks indicated as secondary impurities. 
Figure 1(a) reveals that the Gd-doped samples at 
various weight percentages exhibit new peaks at 
glancing angles (27.91° and 32.65°). These peaks 
may arise from the monoclinic structure of Gd2O3. 
Although Gd** ions maintain the basic crystal 
structure (tetragonal). From the magnified XRD 
patterns in the vicinity of 20 = 22 to 34° (Figure | 
(b)), it becomes apparent that the Gd dopant caused 
a shift in the separated (104) and (110) planes 
towards higher angles. This shift is attributed to the 
substitution of Gd ions (with a 9.38 A radius) for 
Bi** ions (with a 10.30 A radius) in the BFO 
structure [31]. 
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Further work, keeping Gd (0.1 wt.%) constant 
and doping of Cu with different (wt.%) (BGFC- 
0.05, BGFC-0.1 BGFC-0.15) samples as shown in 
Figure 2(a). The doped samples exhibited similar 
patterns to pure BFO and BGF-0.1 However, the 
impurity peak was absent in BGFC-0.1. The 
magnified XRD pattern of GdCu-doped BFO 
between 20 = 30 to 34° is shown in Figure 2(b). It 
can be observed that the (104) and (110) planes 
shifted towards a higher angle direction, and a 
single peak was formed from a merging of two 
peaks. 


3.2. Surface Morphology Analysis 
FE-SEM combined with EDAX was used to 
evaluate the surface morphology and elemental 


composition. Figure 3(a-n) shows the prepared pure 
BFO, Gd-doped BFO (BGF-0.1, BGF-0.15, and 
BGF-0.2), and GdCu-doped BFO (BGFC-0.05, 
BGFC-0.1, and BGFC-0.15) along with the 
associated FE-SEM and EDAX results. Based on 
the FE-SEM images, it was observed that the pure 
BFO and Gd-doped BFO samples had irregular 
shapes, and GdCu-doped BFO samples showed a 
small size of spherical shape. The EDAX analysis 
confirmed the presence of Bi, Fe, O, Gd, and Cu 
elemental compositions in the pure BFO and 
respective doping samples. 

Further morphology analysis and particle size 
distribution were done by TEM. According to 
Figure 4(a-n), the spherical-shaped particles with 
small agglomerations were observed. The particle 


Frequency (a.u) 


Particle size ~ 19.3420.22 nm (b) 


10 12 «14 «16 «18:«©200 «22 «24 26 
Particle size (nm) 


Particle size ~ 18.5720.51nm 


(h) 


8 10 12 14 16 18 20 22 24 26 
Particle size (nm) 


Particle size ~ 11.0320.7nm 


(I) 


Frequency (a.u) 


4 6 8 1 12 14 16 18 20 22 
Particle size (nm) 


Particle size 184 §20.33nm - ( ] 


8 10 12 14 16 18 20 22 2 26 
Particle size (nm) 


Particle size ~ 12.820.05am ()) 


13 “ 
Particle size (nm) 


Particle size ~ 15.0120.16am (n) 


P 
Frequency (a.u) 


10 12 14 «16 «18 «20 22 2 26 
Particle size (nm) 


Figure 4. TEM images and particle size distribution of (a-h) pure BFO, BGF-0.1, BGF-0.15, BGF-0.2, (i-n) 
BGFC-0.05, BGFC-0.1, and BGFC-0.15. 
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Table 1. A comparison of the research reports on the photocatalytic performance of different materials. 


eae Type wl Light 
BiFeO; synthesis source 
Cu and Mg Sol-gel Visible 
Gd Sol-gel Visible 
Cu Co-perpetration Visible 

Cu Sol-gel = 2 —--+-- 
Gd Sol-gel Visible 
La and Se Co-perpetration Visible 
Gd and Cu Sol-gel Visible 


size of pure BFO was found to be 19.0 nm and for 
Gd-doped BFO samples BGF-0.1, BGF-0.15, and 
BGF-0.2 were 15.0, 18.0, and 18.5 nm respectively. 
Similarly, for GdCu-doped BFO samples BGFC- 
0.05, BGFC-0.1 BGFC-0.15 at 12.8, 11.0, and 15.0 
nm, respectively. 


3.3. Photocatalytic Activity 

The photocatalytic activity of BFO, BGF-0.1, 
BGF-0.15, BGF-0.2, BGCF-0.05, BGCF-0.1, and 
BGCF-0.15 samples was evaluated by degradation 
of the typical organic contaminate RhB dye under 
visible light irradiation and _ time-dependent 
photodegradation of RhB is illustrated in Figure 6(a 
-g). Firstly, stock solution was prepared by using 
RhB dye 50 mg of pure BFO was added to 100 mL 
of dye solution to prepare the catalyst solution and 
it was placed in the dark condition (absence of 
light) with continuous stirring for 60 min to reach 
the equilibrium between the dye solution and the 
catalyst. Next, the catalyst solution was kept under 
visible light irradiation with continuous stirring, and 
a small number of samples were collected with 
equal time intervals up to complete degradation. 
This was achieved at 160 min for pure BFO and is 
shown in Figure 6(a). Further, the same procedure 
was carried out using BGF-0.1, BGF-0.15, and 
BGF-0.2, and degradation times were observed as 
80, 90, and 105 min respectively as shown in Figure 
6(b-d). Further research continued for only Gd 
(O.lwt.%), as BGF-0.1 achieved complete 
degradation in less time (80 min) in comparison to 
BGF-0.15, and BGF-0.2. After performing the same 
procedure on BGFC-0.05, BGFC-0.1, and BGFC- 
0.15, the degradation times were identified as 60, 
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Type of dye REICH Reference 
Rhodamine B 90 [13] 
Rhodamine B 120 [27] 
Methyl orange 120 [28] 

Phenol 120 [29] 

Rhodamine B 60 [30] 

Congo red 30 [33] 
Rhodamine-B 30 Present 


30, and 40 min respectively as shown in Figure 6(e- 
g). As per the results, the Gd (0.1 wt.%) and Cu 
(0.1 wt.%)-doped BGF-0.1 sample that is BGFC- 
0.1 has given the best removal of RhB dye with less 
time (30 min) as compared to other samples (BGFC 
-0.05, BGFC-0.15) [32]. Table 1 illustrates the 
summary of available research reports on the 
photocatalytic activity of various transition and rare 
-earth materials. 


3.4. Photocatalytic Mechanism 

It is known that the main factors influencing 
photocatalytic activity are the generation, 
separation, transportation, and recombination of 
photogenerated electron-hole pairs. The quick 
recombination of electrons and holes in pure BFO 
is a major problem, causing a low photocatalytic 
activity. To solve this problem, the recombination 
of electrons and holes must be avoided. Compared 
to pure BFO, the GdCu-doped BFO reduces charge 
recombination, resulting in a longer lifetime of 
photogenerated electron-hole pairs. Figure 5 
demonstrates how the GdCu-doped BFO catalyst 
degrades the RhB dye when exposed to visible 
light. As shown in equation (1), the electrons exited 
from the valance band to the conduction band when 
visible light rays incident the mixture of catalyst 
and dye solution. This mechanism typically results 
in the existence of electrons with a reduction 
process in the conduction band and holes with an 
oxidation process in the valence band. From 
equation (2), reduced (O”) molecules are created 
when the oxygen (O2) molecules in the air capture 
electrons in the conduction band. In the same way, 
‘OH radicals are created when the hole in the 
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Figure 6. Photocatalytic degradation of RhB dye of pure BFO, BGF-0.1, BGF-0.15, BGF- 
0.2, BGFC-0.05, BGFC-0.1, and BGFC-0.15. 
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Figure 5. The operational mechanism of the Bij. 
xGd,Fe;.yCu,O; catalyst in the context of degrading 
Rhodamine B dye under visible light irradiation. 


valence band reacts with water molecules on the 
catalyst surface as shown in equation (3). These two 
species (O7 and ‘OH) play a significant role in the 
degradation of RhB as explained in equations (4) 
and (5). 


Bi, xGd,Fe;_yCuyO3 + hv —> e + h* (1) 
e +O) —> Or (2) 
h* + H,O —> OH: (3) 
Catalyst + RhB + OH: —> degradation product (4) 


Catalyst + RhB +O, —> degradation product (5) 


4. CONCLUSIONS 


In this study, the sol-gel synthesis method was 
employed to prepare pure BFO and GdCu-doped 
BFO with different mass percentages. The prepared 
samples were successfully characterized through 
XRD, FE-SEM with EDAX, and TEM. The results 
of XRD analysis revealed that small impurities 
peaks were formed for both pure BFO and Gd- 
doped BFO. On the other hand, for GdCu-doped 
BFO (BGFC-0.05, BGFC-0.1, and BGFC-0.15) 
samples also showed small impurities peaks 
expected for BGFC-0.1. FE-SEM and TEM results 
confirmed that the shape of the particles spherical in 
shape and size decreased from 19 nm (pure BFO) to 
11 nm (BGFC-0.1). The results of photocatalytic 
activity for RhB dye under visible light irradiation 
found that the highest degradation performance was 
achieved for both GdCu-doped BFO (BGFC-0.1) 
compared to pure BFO, Gd-doped BFO, and GdCu 
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-doped BFO with 0.05 wt.% and 0.15 wt.%. 
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